To investigate whether up-down asymmetry similar to that reported in vertical optokinetic nystagmus (OKN), that is, larger OKN responses for upward motion than for downward motion, would appear in vertical vection, we conducted three experiments. In all three experiments, participants viewed a vertically moving random-dot pattern. In Experiments 1 and 2, participants reported vection using a joystick. After each trial, they were also asked to rate the vection magnitude experienced during the stimulus presentation. In Experiment 3, eye movements and vection magnitude (rated after each trial) in response to the stimulus were measured. The results of Experiment 1 showed larger vection magnitude for the upward motion of the stimulus than for the downward motion of it. However, vection onset latency did not change much with stimulus motion direction. Experiment 2 revealed that the up-down asymmetry in vection manifested progressively during the latter part of the stimulus presentation period. Experiment 3 showed clear up-down asymmetry in both OKN and vection magnitude. These results not only indicate that up-down asymmetry similar to that reported in vertical OKN appears in vertical vection, but they also support the notion that the mechanisms underlying vection and OKN are closely related to each other.
Introduction
When a visual stimulus occupying a large part of the observer's visual field moves uniformly, observers often perceive illusory body movements in the opposite direction of the stimulus motion. This phenomenon is referred to as ''vection" (Fischer & Kornmüller, 1930; Mach, 1906 Mach, /1959 . A familiar example of vection in daily life is that, when a person inside a stationary train views an adjacent moving train, the person feels as if his/her train is moving. During locomotion of the observer's body, vestibular organs rapidly create self-motion perception. However, as vestibular organs respond only to the acceleration of body movements, it is reasonable to assume that visual information of the counter-motion of the scene associated with body movements contributes to the sustained perception of self-motion.
Many studies have pointed out close relations between mechanisms mediating vection and optokinetic nystagmus (OKN) (Brandt, Dichgans, & Büchele, 1974; Brandt, Dichgans, & Koenig, 1973; Ebenholtz, 2001; Flanagan, May, & Dobie, 2002; Seno & Sato, 2009; see also, Seno, Ito, Sunaga, & Nakamura, 2010) , and it is expected that vection should be stronger in stimulus conditions that are more effective in eliciting OKN than in those that are not. OKN refers to reflective eye movements in response to a stimulus motion, and consists of a series of slow phase movements for stabilizing retinal images of a large moving pattern and quick-phase movements for resetting eye position. OKN responses (e.g., slowphase velocity and quick-phase frequency) increase with increasing stimulus size (Murasugi & Howard, 1989) and velocity (Murasugi & Howard, 1989; Seya, Ishihara, & Imanaka, 2015; van den Berg & Collewijn, 1988) , which is consistent with vection studies that have shown stronger vection with increasing stimulus size (e.g., Brandt et al., 1973; Telford & Frost, 1993) and stimulus velocity (e.g., Nakamura & Shimojo, 1999; Seya, Tsuji, & Shinoda, 2014) . Seno and Sato (2009) examined the relationship between vection and OKN by measuring vection with horizontally moving stimuli presented at different retinal positions (nasal and temporal retinas). They assumed that stronger vection would be perceived when vection-inducing stimuli moved in the temporonasal direction (e.g., rightward motion in a left eye) than in the nasotemporal direction (e.g., leftward motion in a left eye), particularly when they were presented on the nasal retina, because several OKN studies have reported asymmetry in horizontal OKN between the two directions (Ohmi, Howard, & Eveleigh, 1986; van den Berg & Collewijn, 1988 of correlation between vection and OKN do not mean that they are causally related (see Ebenholtz, 2001) .
A large number of OKN studies have reported that upward motion elicits vertical OKN more effectively than downward motion does (Garbutt et al., 2003; Matsuo & Cohen, 1984; Murasugi & Howard, 1989; Takahashi, Sakurai, & Kanzaki, 1978; van den Berg & Collewijn, 1988) . By contrast, although many studies have measured vertical vection (e.g., Giannopulu & Lepecq, 1998; Ito & Fujimoto, 2003; Ito & Takano, 2004; Kitazaki & Sato, 2003; Lepecq, Giannopulu, Mertz, & Baudonnière, 1999; Nakamura & Shimojo, 1998; Telford & Frost, 1993) , no study has reported on differences in vertical vection. For example, Lepecq et al. (1999) examined the relationships between vestibular thresholds and vection. In their study, vestibular thresholds for detection of upward accelerations and vection onset latency to upward or downward motion presented on displays located on each side of a participant's head were assessed. Their results showed a negative correlation between vestibular threshold and vection latency. However, no up-down asymmetry in vection onset latency was found (see also Giannopulu & Lepecq, 1998) . Telford and Frost (1993) investigated various factors affecting vection such as depth structure, stimulus motion direction, and restriction of central or peripheral vision, and reported no significant difference in vertical vection between upward and downward stimulations. Ito and Takano (2004) measured vection by using upward-or downward-inducing stimuli overlaid with dynamic visual noise, and reported no significant difference between the two directions, although there was a tendency for stronger vection in upward stimulus motion than in downward stimulus motion.
In light of the reviewed literatures, we decided to investigate further whether up-down asymmetry similar to that found in vertical OKN would appear in vertical vection. The motivation was twofold. First, we wanted to examine up-down asymmetry by measuring vection magnitude. In general, the slow phase of OKN consists of two components-that is, a cortically mediated fast OKN mechanism and subcortically mediated slow OKN mechanism (e.g., Cohen, Matsuo, & Raphan, 1977; Murasugi & Howard, 1989) . The fast OKN mechanism produces rapid ocular following in response to motion (e.g., Miles, Kawano, & Optican, 1986) , whereas the slow OKN mechanism produces slow buildup or decay of OKN. Several studies have suggested that up-down asymmetry reflects the slow OKN mechanism (e.g., Murasugi & Howard, 1989) . Stronger vection is therefore likely to be perceived for upward stimulation of the stimulus than for downward stimulation of it, particularly during the latter part of stimulus presentation. Vection onset latency and vection duration are assumed to reflect vection magnitude; nonetheless, these measures may not be sensitive to detecting vection up-down asymmetry in the slow OKN mechanism. Second, we wanted to examine vertical vection by using stimuli similar to that used in studies reporting clear up-down asymmetry in vertical OKN. Although the majority of previous OKN studies have supported a preference in OKN for upward motion, mixed results have also been reported (for a review, see Knapp, Proudlock, & Gottlob, 2013) ; a preference for downward eye movements (e.g., Schor & Narayan, 1981) or no asymmetry (e.g., Knapp, Gottlob, McLean, & Proudlock, 2008; Seya & Mori, 2007) have been reported. It is therefore possible that the inducing stimuli used in previous research may not have been effective in eliciting up-down asymmetry in vertical OKN. Indeed, most previous studies measuring vertical vection (Ito & Fujimoto, 2003; Ito & Takano, 2004; Kitazaki & Sato, 2003; Telford & Frost, 1993) used inducing stimuli consisting of small dots at relatively low density, which were similar to those used in Seya and Mori (2007) showing no OKN asymmetry.
In the present study, we used a vertically moving random-dot pattern similar to that used by Seya et al. (2015) , who investigated the relationship between induced motion (i.e., illusory motion of a fixated object induced by background motion, Duncker, 1929 Duncker, /1938 and OKN suppression (see also Lott & Post, 1993; Seya & Mori, 2007) and found clear up-down asymmetry in vertical OKN. In Experiment 1, we measured vection magnitude in the presence or absence of a fixation stimulus. We also measured vection onset latency to see whether the present results align with previous findings (Giannopulu & Lepecq, 1998; Lepecq et al., 1999) . The effect of the fixation stimulus presence or absence was examined, as several vection studies have reported that OKN suppression in the direction opposite to the inducing stimulus motion (and slow phase of OKN) can induce vection in the same direction as the inducing stimulus motion (e.g., inverted vection, Nakamura, 2004; Nakamura & Shimojo, 2000 . According to the OKN suppression hypothesis, vection should become smaller in the presence of the fixation stimulus than in the absence of the fixation stimulus. This is expected because vection in the direction opposite to that of the inducing stimulus would be partially cancelled by vection induced by the OKN suppression in the same direction as the inducing stimulus motion. In Experiment 2, we investigated the time course of vection magnitude, to examine directly whether vection would align with the activities of the slow OKN mechanism. In Experiment 3, we measured eye movements to examine whether the inducing stimulus used in the present study would produce up-down asymmetry in vertical OKN. Eighteen individuals participated (16 men and 2 women; mean age = 22.8 years; range = 19-25 years). Participants had no knowledge as to the purpose of this study and had normal or correctedto-normal vision. Participants gave written informed consent prior to their participation. The experimental protocol was approved by the ethics committee of Ritsumeikan University. The study was performed in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Apparatus and stimuli
A personal computer (Apple Mac Pro Early 2009) was used to control the experiment and generate stimuli that were frontprojected onto a white screen (200 cm Â 150 cm in width and height) using a projector (Vivitek D795WT) with a refresh rate of 100 Hz. Stimuli were viewed binocularly from a distance of Fig. 1 . Example of the stimulus display (fixation present condition) used in the experiment. 100 cm. Fig. 1 illustrates the stimulus display used in this experiment. In the display, a fixation stimulus and an inducing stimulus were presented on a black background (luminance 0.05 cd/m 2 ). The fixation stimulus was a cross subtending 1°Â 1°and was presented in red (luminance 1.5 cd/m 2 ) on the center of the screen subtending 90°Â 73.4°. The inducing stimulus was a white random-dot pattern (luminance 5.3 cd/m 2 ). A single dot was 2°i n size (see also Murasugi & Howard, 1989) . The total dot area occupied approximately 10% of the stimulus display: 170 dots were on the screen at any given time. The inducing stimulus moved either upward or downward at a velocity of either 10°/s or 40°/s. Participants' responses were recorded by a joystick (Saitek Cyborg Evo Force) at a sampling rate of 100 Hz.
Procedure
The experiment was conducted in a dark room. Participants sat comfortably on a chair with their head upright. No apparatus was used to support the head position; participants maintained their posture and head position by themselves during the experiment. After 3 min of adaptation to the dark room, participants practiced the task for several trials until they were familiar with it, after which the experimental session followed. Each trial began with the presentation of the fixation stimulus. After a key press by the experimenter, an inducing stimulus was presented and started to move vertically. In the fixation present condition, the fixation stimulus remained at the center of the screen, while it disappeared in the fixation absent condition. Thirty seconds after the onset of the inducing stimulus, a stationary inducing stimulus was presented for 20 s. This was done because OKN in each trial did not carry over to the next trial (Lott & Post, 1993 ). The participants' task was to maintain fixation on the fixation stimulus (in the fixation present condition) or the location where the fixation stimulus had been presented (in the fixation absent condition) when the moving inducing stimulus was presented. During this time, participants were also asked to indicate whether they felt vection by using the joystick. It should be noted that the participants were asked to push (or pull) the joystick up to the maximum, whenever they felt upward (or downward) vection. After each trial, participants were also asked to rate the vection magnitude (from 0 to 100) based on the average vection during the moving inducing stimulus presentation. They were given instruction about the values of vection magnitude similar to that in previous studies (e.g., Bubka, Bonato, & Palmisano, 2008) , as follows. A value of 0 meant no vection and only the inducing stimulus appeared to move. A value of 100 meant that the participant perceived himself/herself as moving through a stationary environment. A value of 50 meant that the dots on the screen appeared to be moving in one direction and the participant perceived self-motion in the opposite direction, at the same speed. In all trials, the angle data of the joystick (in a vertical axis) during the moving inducing stimulus presentation, and the vection magnitude rated after each trial were recorded.
During the main experimental session, there were two blocks of 20 trials: five trials for each inducing stimulus velocity (10°/s and 40°/s) and direction (upward and downward). In one block, the fixation stimulus was present during the moving inducing stimulus presentation, while it was absent in the other block. Nine of the 18 participants performed the fixation-present condition first, and the other nine participants completed the fixation-absent condition first. In each block, the order of the other conditions was randomized across participants. After the first block, participants were given a 5-min break. Participants were also given rest periods whenever requested.
Data analysis
Using the joystick data during the experimental session, we calculated the vection onset latency from the onset of the inducing stimulus motion to the participants' first pushing (or pulling) of the joystick. In the analysis, the vection onset was defined as the first point that the joystick's slant in the vertical axis set by the participants exceeded 10% of the maximum control range. In trials where no vection was reported and the vection onset was not detected, we assigned a value of 30 s to the latency, which was equal to the whole duration of stimulation as in previous studies (e.g., Seya et al., 2014) .
Results
In 95% of the total trials, participants reported vection in the direction opposite to the inducing stimulus direction, that is, upward vection to the downward motion and downward vection to the upward motion. In the remaining trials, no vection was reported. Fig. 2 shows the mean vection onset latency for each direction and velocity of the inducing stimulus in the presence or absence of the fixation stimulus. As seen in the figure, although the upward motion tended to induce shorter vection onset latencies than the downward motion did, there were large individual differences indicated by error bars. A 2 (fixation; present and absent) Â 2 (direction; downward and upward) Â 2 (velocity; 10 and 40°/s) ANOVA revealed only a significant main effect of velocity, F (1, 17) = 6.83, p = .0182. No effect of the other variables or interaction was significant. Fig. 3 shows the mean vection magnitude for each direction and velocity of the inducing stimulus in the presence or absence of the fixation stimulus. A three-way ANOVA revealed significant main effects of direction, F(1, 17) = 10.88, p = .0042, and velocity, F (1, 17) = 50.56, p < .0001. Only a fixation Â velocity interaction was significant, F(1, 17) = 8.69, p = .0090. However, a subsequent analysis showed no significant effect of fixation in either velocity.
Vection onset latency

Vection magnitude
Discussion
Using an inducing stimulus similar to that used in previous OKN (e.g., Murasugi & Howard, 1989) and induced motion studies (e.g., Seya et al., 2015) and by measuring vection magnitude as well as vection onset latency, we examined up-down asymmetry in vertical vection. The results showed no significant difference in vection onset latency between upward and downward motions, which is consistent with previous findings (Giannopulu & Lepecq, 1998;  Lepecq et al., 1999) . By contrast, the vection magnitude results showed stronger vection for upward motion than for downward motion, indicating up-down asymmetry in vertical vection. As mentioned in the Introduction, no study has reported differences in vection onset latency and vection duration between upward and downward stimulations (e.g., Lepecq et al., 1999; Telford & Frost, 1993) . The present study is thus the first to report updown asymmetry in vertical vection. As also mentioned in the Introduction, up-down asymmetry in vertical OKN reflects the slow OKN system which is involved in subcortical pathways (e.g., Cohen et al., 1977) . The present findings therefore also support the recent view that subcortical pathways contribute to vection induction (Seno & Sato, 2009) .
The discrepant findings between vection onset latency and vection magnitude may be explained by the slow OKN system. In the present study, both the fast and slow OKN systems were expected to be activated in response to the inducing stimulus motion. However, as up-down asymmetry reflects the slow OKN mechanism (e.g., Murasugi & Howard, 1989) , it is possible that vection updown asymmetry progressively appears during the latter part of the inducing stimulus presentation. As a result, vection onset latency in the present study may not sensitively detect vection up-down asymmetry in this mechanism. By contrast, the participants reported vection magnitude based on average vection during the inducing stimulus presentation. Therefore, vection magnitude may have reflected vection related to the slow OKN system, resulting in up-down asymmetry in vertical vection.
The present results of stronger vection with increasing stimulus velocity are consistent with previous findings (e.g., Nakamura & Shimojo, 1999) . It should be noted that Seya et al. (2015) used stimuli similar to those used in the present study and clearly showed larger OKN responses with increasing stimulus velocity (see also Murasugi & Howard, 1989) . Therefore, the present results of stronger vection with increasing stimulus velocity partially support the view that mechanisms mediating OKN and vection are closely related to each other.
The results further revealed no difference between the fixation conditions in both vection onset latency and vection magnitude. This suggests that the effects of OKN suppression, if any, would be too small to affect the vection measures, at least under the stimulus configurations used in the present study.
One may argue that the finding of no difference between the fixation conditions contradicts our prediction that vection magnitude would reflect the activity of the slow OKN system, as several studies have reported lower activity in the slow OKN system when OKN is suppressed by a fixation stimulus compared to when it is not (e.g., Waespe & Schwarz, 1986) . Attentional factors may explain this finding. In the fixation-present condition, participants may have been able to focus their attention around the fixation stimulus more narrowly than in the fixation-absent condition. As a result, in the fixation-present condition, most of the dots may have been presented outside of participants' attentional focus. As vection magnitude and direction is determined by non-attended stimuli (Kitazaki & Sato, 2003) , vection may have been induced more effectively in the fixation-present condition than in the fixation-absent condition, which may have concealed a difference in vection due to OKN activity. It is also possible that the task of maintaining fixation on the center of the screen without the fixation stimulus may have been more difficult than that with the fixation stimulus. Seno, Ito, and Sunaga (2011a) demonstrated that when attentional resources allocated to inducing stimuli decreased, perceived vection became weaker. If we assume that some amount of attentional resources were allocated to maintaining fixation in the fixation-absent condition, attentional resources directed to the inducing stimuli may have been reduced, as compared with those in the fixation-present condition. As a result, vection may have been induced less effectively in the fixationabsent condition than in the fixation-present condition, resulting in no difference in vection between the fixation conditions.
Experiment 2
To obtain further evidence of relationships between mechanisms underlying OKN and vection, we investigated the time course of vection magnitude by using stimuli identical to those in Experiment 1.
Method
The method was identical to that of Experiment 1, with the following exceptions. First, we conducted only the fixation-present condition, because there was no difference in the vection measures between the fixation conditions in Experiment 1. Second, after a key press by the experimenter in each trial, an inducing stimulus was presented and the fixation stimulus was replaced with Arabic numerals. The numerals varied from À100 to 100 (each number subtended in approximately 1.3°Â 1.8°) depending on the slant of the joystick (in the vertical axis) set by the participants. A positive value meant upward vection and negative value meant downward vection. Third, during the stimulus motion presentation, participants were asked to fixate on the central numerals and to adjust the slant of the joystick to report the vection magnitude that they currently felt. After the disappearance of the inducing stimulus, participants were also asked to orally report vection magnitude based on the average vection as in Experiment 1. Finally, we did not analyze vection onset latency from the joystick data (because of the nature of the task, it was difficult to determine vection onset latency using the definition in Experiment 1). In the analysis of the joystick data, we first extracted the data contained in a 30-s interval during the moving inducing stimulus presentation and divided the extracted data into three 10-s bins. We then calculated mean vection magnitude over 10 s for each bin.
Fourteen participants took part in this experiment. All of them participated in Experiment 1. There were 20 trials in all, with five trials for each combination of the two directions and two velocities.
Results
In 99% of the total trials, the participants reported vection in the direction opposite to the inducing stimulus motion. Fig. 4 shows the mean vection traces for different directions and velocities of the inducing stimulus. Positive values in the vertical axis mean that the participants adjusted the joystick in the opposite direction of the inducing stimulus motion. As seen in the figure, vection magnitudes were larger with an upward stimulation than with a downward stimulation, particularly during the latter part of the stimulus presentation. Fig. 5 shows the mean vection magnitude during 10-s intervals for different directions and velocities of the inducing stimulus. A 3 (interval: 1st, 2nd, and 3rd intervals) Â 2 (direction: downward and upward) Â 2 (velocity: 10 and 40°/s) ANOVA revealed no significant effect of direction, while there were significant main effects of intervals, F(2, 26) = 73.67, p < .0001, and velocity, F (1, 13) = 23.48, p = .0003. There were significant interactions of interval Â direction, F(2, 26) = 12.06, p = .0002, and interval Â direction Â velocity, F(2, 26) = 3.78, p = .0361. An interaction of interval Â velocity was also significant, F(2, 26) = 11.84, p = .0002. Subsequent analyses of the three-way interaction revealed a significant simple main effect of direction during the last interval at 10°/s, F(1, 78) = 4.07, p = .0472, and during the second, F(1, 78) = 6.48, p = .0129, and the last intervals, F(1, 78) = 8.37, p = .0049, at 40°/s. Fig. 6 shows the mean vection magnitude rated after each trial. As seen in the figure, the pattern of results was quite similar to that in Experiment 1. A two-way ANOVA revealed significant main effects of direction, F(1, 13) = 4.79, p = .0476, and velocity, F(1, 13) = 25.09, p = .0002. There was no significant interaction between the two variables.
Discussion
The results of vection magnitude clearly indicated up-down asymmetry, which is consistent with the findings of Experiment 1. Importantly, the vection magnitude obtained from the joystick data indicated that the asymmetry progressively manifested during the latter part of the inducing stimulus presentation. This finding is in agreement with the findings of OKN studies showing the slow buildup of slow OKN system activities (e.g., Murasugi & Howard, 1989) . Taken together, the present results indicate that up-down asymmetry in vertical vection is closely related to the slow OKN mechanism.
The difference in vection magnitude between the vertical directions was not significant during the early part of the inducing stimulus presentation (see Figs. 4 and 5) . This partially supports our view that vection onset latency may not sensitively detect vection up-down asymmetry involved in the slow OKN mechanism.
It is noteworthy that vection magnitude reported orally after each trial was similar to that during the latter part of stimulus presentation, although the participants were instructed to report average vection magnitude during the whole interval of inducing stimulus presentation. This suggests that the subjective rating reported after each trial may have reflected mainly vection magnitude experienced during the latter part of the stimulus presentation, which would result in vection up-down asymmetry. To our knowledge, no study has measured both average vection magnitude and the time course of vection magnitude during a trial. Future research should address this question.
One might argue that the up-down asymmetry in vertical vection reflected motor bias for the joystick manipulation; however, up-down asymmetry in vertical vection was also observed in the vection magnitude reported after each trial. Further, in the present study, the values that the participants produced depending on vection were always visible on the center of the screen. It is therefore unlikely that motor bias accounted for the present findings.
Experiment 3
In Experiments 1 and 2, we used inducing stimuli similar to those used in Seya et al. (2015) reporting clear OKN up-down asymmetry. However, in those experiments, we did not measure eye movements. To measure OKN precisely, participants' head movements should be minimized. Research has suggested that the instruction of immobilization and the use of supportive devices can affect vection (e.g., Lepecq, Giannopulu, & Baudonniere, 1995) . In addition, as participants' visual field is partially restricted by an eye tracking system (usually located in the lower visual field), it can be expected that the use of an eye tracking system would affect vection. Nonetheless, to further examine up-down asymmetry in vection and OKN, in Experiment 3 we measured eye movements and vection magnitude in response to inducing stimuli identical to those used in the fixation-absent condition of Experiment 1. Note that we did not conduct the fixation-present condition because we wanted to examine OKN responses, not OKN suppression, in response to inducing stimuli. Due to the difficulty of vection measurement in the absence of central numerals (and the limitations of the eye movement measurement) we were unable to measure vection by using the joystick.
Method
The method was identical to that of the fixation-absent condition in Experiment 1, with the following exceptions. First, eye position data were recorded using an eye tracking system (Arrington MHU400) at a sampling rate of 220 Hz. Second, to minimize participants' head movements we used a chin/forehead rest. Finally, we did not measure vection onset latency by using the joystick, although we measured vection magnitude by asking participants to rate the magnitude of vection after each trial.
Fourteen participants took part in this experiment (8 men and 6 women; mean age = 21.9 years; range = 20-24 years). Four of them participated in Experiments 1 and 2. There were 16 trials in all, with four trials for each combination of the two directions and two velocities.
Eye movement recordings and analyses
During the experiment, vertical eye positions were recorded from participants' right eye. Before the experiment, we asked the participants to fixate on nine points on the screen to calibrate the system. All eye position data were analyzed off-line after the experiment using a computer program that calculated the velocity of slow phase. For eye position data, we first smoothed eye position data using a moving average method over 50 ms, and then calculated eye velocity by differentiating the position data. We then calculated eye acceleration by differentiating the eye velocity data. In the analysis, the velocity of the slow phase was calculated using the distance and time of vertical eye movements in the same direction as the inducing stimulus motion during the presentation of moving inducing stimuli. In this analysis, we removed data during a blink and 50-ms intervals before and after any blinks. We also removed data during a saccade, defined as eye movements with a velocity higher than 50°/s and/or acceleration higher than 2000°/s 2 . Fig. 7a shows the slow-phase velocity for different directions and velocities of the inducing stimulus. A two-way ANOVA revealed significant main effects of direction, F(1, 13) = 28.80, p = .0001, and velocity, F(1, 13) = 130.46, p < .0001. An interaction between them was also significant, F(1, 13) = 30.75, p = .0001. Subsequent analysis showed a significant simple main effect of direction at 40°/s, F(1, 26) = 57.65, p < .0001, but no effect at 10°/s. Fig. 7b shows the vection magnitude for different directions and velocities of the inducing stimulus. A two-way ANOVA revealed significant main effects of direction, F(1, 13) = 11.24, p = .0052, and velocity, F(1, 13) = 10.70, p = .0061. An interaction between them was also significant, F(1, 13) = 6.43, p = .0249. Subsequent analysis showed a significant simple main effect of direction at 40°/s, F(1, 26) = 17.66, p = .0003, but no effect at 10°/s. Fig. 8 shows the plot of the mean vection magnitude for all participants for each condition as a function of the mean slow-phase velocity. A correlation analysis by employing 28 values acquired from 14 participants Â 2 directions showed a significantly positive correlation at 40°/s, r(26) = 0.38, p = .0439, but no correlation at 10°/s. A correlation analysis by employing 56 values acquired from 14 participants Â 2 directions Â 2 velocities revealed a significantly positive correlation, r(54) = 0.55, p < .0001.
Results
Discussion
The results of eye movements indicated up-down asymmetry in slow-phase velocity of OKN, particularly at 40°/s. The results also showed higher slow-phase velocity at 40°/s than at 10°/s. Similarly, vection magnitude was larger for the upward motion of the stimulus than for the downward motion of it, particularly at 40°/ s, and at 40°/s than at 10°/s, supporting the findings of Experiments 1 and 2. The results of correlation analyses showed a significant positive correlation between slow-phase velocity of OKN and vection magnitude, particularly at 40°/s. Taken together, these results support the view that mechanisms mediating vection and OKN are closely related to each other.
It should be noted that although the patterns of vection magnitude and eye movement results were quite similar, the vection magnitude in Experiment 3 showed an interaction between velocity and direction of the inducing stimulus motion, which was not found in Experiments 1 and 2. A possible reason for this discrepancy is a methodological difference related to eye movement measurements. In Experiment 3, the eye tracking system was always visible in the lower visual field and the restriction of the stimulation in the lower visual field may therefore have been responsible for the discrepancy.
General discussion
The three experiments clearly showed up-down asymmetry in vertical vection. The results of Experiment 1 showed larger vection magnitudes (reported orally after the stimulus presentation) for upward motion than for downward motion. Experiment 2 showed that the time course of vection reported by the joystick aligned with the time course of the activities of the slow OKN system (e.g., Murasugi & Howard, 1989) . Experiment 3 showed, again, up-down asymmetry in vection magnitude (reported orally after the stimulus presentation) as well as in the slow-phase velocity of OKN. Taken together, the present results are consistent with the consensus of vection research that mechanisms underlying vection and OKN are closely related to each other (e.g., Flanagan et al., 2002; Seno & Sato, 2009) .
Although the present study clearly demonstrated up-down asymmetry in vertical vection, the significance of it is not clear. One suggestion comes from OKN studies that have proposed the ecological importance of up-down asymmetry in vertical OKN (e.g., Garbutt et al., 2003; Murasugi & Howard, 1989 , see also Lott & Post, 1993) . During forward locomotion, while looking straight ahead, stationary objects in the visual field cause optical flow. Because of the greater richness of visual information in the lower visual field than in the upper visual field, downward motion in the lower visual field is prominent. To reduce the influence of this prominent downward motion in the lower visual field, the sensitivity of OKN system to downward motion may have been decreased. As a result, gaze direction can be easily maintained ahead, and the visual field can be better stabilized during forward locomotion. In line with this scenario, consistent asymmetry in vertical vection would compensate for the influence of prominent downward motion, resulting in accurate self-motion perception during forward locomotion.
So far, we have discussed the present findings of up-down asymmetry in vertical vection in the context of relationships between mechanisms underlying vection and OKN. However, one may argue that other factors may have contributed to the updown asymmetry in vection. There are at least four factors, although they do not seem to be able to account for the present results of up-down asymmetry in vection. First, the present findings may have reflected sensory conflicts between visual and non-visual (e.g., vestibular) inputs. Discrepant information between visual and non-visual inputs inhibits vection (e.g., Seno, Ito, & Sunaga, 2011b) . Bubka et al. (2008) measured vection using expanding or contracting optic-flow patterns that simulated visual information during forward or backward locomotion, and reported stronger vection when a contracting optic-flow pattern was viewed. They explained this finding based on sensory conflicts, as follows: greater experience of forward locomotion than that of backward locomotion would strengthen observers' expectations regarding non-visual inputs associated with the expanding flow pattern. As a result, the sensory conflicts arising from the comparison between visual and non-visual inputs would be greater for expanding patterns than for contracting patterns, resulting in weaker vection for expanding patterns (see also Bubka, Bonato, & Palmisano, 2007) . To apply this explanation to the present results, we need to assume greater experience of upward locomotion (associated with downward motion of visual information) than that of downward locomotion (associated with upward motion of visual information). However, to our knowledge, there is no evidence supporting this assumption. Sensory conflicts therefore cannot account for the whole pattern of the present findings.
Second, it is possible that up-down asymmetry may have been responsible for potential asymmetry in motion perception. Many studies have reported that directional asymmetry of motion sensitivity for centrifugally (e.g., downward stimulus motion in the lower visual field) and centripetally (e.g., upward stimulus motion in the lower visual field) moving stimuli (e.g., Ball & Sekuler, 1980; Edwards & Badcock, 1993; Ohtani & Ejima, 1997) , although the asymmetry depends on the stimulus features used (Naito, Sato, & Osaka, 2010) . It should be noted that in the present study, the inducing stimulus was presented on both the upper and lower visual field and, therefore, both types of motion was present for upward and downward motions. It is therefore unlikely that motion sensitivity can account for the present findings.
Third, one may argue that the up-down asymmetry in vection may have reflected emotional factors associating with falling down. Seno, Kawabe, Ito, and Sunaga (2013) reported more positive emotion during upward vection (induced by downward stimulation) than during downward vection (induced by upward stimulation). However, Sasaki, Seno, Yamada, and Miura (2012) suggested that positive and negative emotion enhance and inhibit vection, respectively. Therefore, according to emotional effects, downward vection in the upward stimulation should be weaker as compared with upward vection in the downward stimulation, which is not consistent with the present results.
Finally, it is possible that the up-down asymmetry was associated with activities of vestibular organs. Several studies have reported that vection may be affected by vestibular information related to observer's posture (e.g., Kano, 1991; Nakamura & Shimojo, 1998) . However, in the present study, the participants were always sitting and, therefore, the vestibular information was constant between the conditions. Nakamura and Shimojo (1998) manipulated their participants' body tilt and reported stronger vertical vection with increasing tilt of body. It should be noted that in their study, up-down asymmetry was not significant regardless of body tilt. Taken together, it is unlikely that the vestibular information can account for the up-down asymmetry in vection observed in the present study.
Two additional points should be noted concerning factors related to the present study's methodologies. One is the effects of induced motion, that is, the illusory motion of a fixated object in the direction opposite to the inducing stimulus motion (Duncker, 1929 (Duncker, /1938 . As mentioned in the Introduction, the present study used stimuli similar to those used in a previous study of induced motion (Seya et al., 2015 , see also Lott & Post, 1993) . Since several studies have suggested that induced motion (or relative motion) may modulate vection (e.g., Heckmann & Howard, 1991; Howard & Howard, 1994) , induced motion may have affected vection observed in the present study. However, it should be noted that the results of Experiment 1 showed up-down asymmetry, independent of fixation condition. In the fixation-absent condition of Experiment 1, there was no stationary object on the screen, and therefore no induced motion should have occurred. It is unlikely that induced motion can account for the entire pattern of the present results.
The second factor is the attentional resources associated with the joystick manipulation. In Experiment 2, participants continuously manipulated the joystick during the inducing stimulus presentation, while they simply pushed (or pulled) the joystick whenever they felt vection in Experiment 1. As we mentioned in Experiment 1, vection become weaker with decreasing attentional resources to inducing stimuli (Seno et al., 2011a) . It is, therefore, possible that the joystick manipulation in Experiment 2 resulted in decreases of attentional resources for the inducing stimuli. Consequently, weaker vection may have been perceived in Experiment 2 as compared with vection in Experiment 1. To examine this possibility, we conducted an additional analysis using the vection magnitude (reported after each trial) data of 14 participants who participated in the two experiments. A 2 (experiment: 1 and 2) Â 2 (direction: downward and upward) Â 2 (velocity: 10 and 40°/s) ANOVA revealed no significant effect of experiment, while there were significant main effects of direction, F(1, 13) = 6.80, p = .0217, and velocity, F(1, 13) = 16.93, p = .0012. There was only a significant interaction of experiment Â velocity, F(1, 13) = 8.99, p = .0103. A subsequent analysis of the interaction revealed no significant effect of experiment at either velocity. These results suggest that the potential effects of attentional resources due to the joystick manipulation, if any, would be too small to affect the present findings. Note that attentional resources cannot account for up-down asymmetry in vection.
In conclusion, the present study clearly demonstrates up-down asymmetry in vertical vection and OKN. The time course of vection magnitude also indicates the gradual buildup of vection similar to that of slow OKN system activation (Murasugi & Howard, 1989) . These results strengthen the view that mechanisms underlying vection and OKN are closely related to each other (e.g., Ebenholtz, 2001; Flanagan et al., 2002; Seno & Sato, 2009 ).
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